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SUMMARY
C10Lb48b
andpres-Low-speedmeasurementsofthelift,drag,pitchingmoment,
suredistributionftheNACA0008,0007.~,0007,and0006airfoilsections
arepresentedforReyuoldsnumbersfroml.’j-to6 million.Itis shown
thattheflowovertheseairfoilsectionschangedfromthetypewhich
precedesleading-edgestallto thetypewhichprecedesthin-airfoilstall
at someliftcoefficientwhichdependedontheReynoldsnumberandonthe
airfoil,thicknessratio.An increaseof eitherofthesetwovariables
increasedtheliftcorrespon~ to theflowchangeuntil,forthethicker
sectionsatleast,maximumliftwasattainedbeforetheflowchange
occurred.Itispossible,therefore,forairfoilsectionsina certain
rangeofthicknessratiosto stsllwitheitherthethin-airfoflorleading-
edgetypeof stall,dependingontheReyuoldsnumber.FortheNACAk-digit
familyofairfoilstherewereno abruptvariationsofmaximumliftaccom-
P- thechangeof stall.
INTRODUCTION
A previousreport(ref.1) describesthelow-speedstallingcharacter-
isticsofairfoil.sectionswiththicknessratiosfrom4.23to18 percent
ofthechord.Thestallingcharacteristicsweredividedtitothreetypes
basedonwind-tunnelstudiesmadeat a Reynoldsnumberof 5.8million.
Thethreetypeswerecalled:trailing-ed~esW, l=ding~edgestaX1.,and
thin-airfoilstsll.Thelattertwoareofparticularinterestbecause
theyareinherentothethinnerairfoilsof currentusage,whereas
trailing-edgestallisinherentothethickerconventionalirfoils,and
isthereforemorefamiliar.
Leading-edgestallwasdescribedasanabruptflowseparationnear
theleadingedgegenerallywithoutsubsequentreattachment.Forangles
ofattackup toandincludingthatformaximumliftthepressuredistribu-
tionovertheairfoil.wasessentiallythatforunseparatedpotentialflow
exceptforrelativelyfior effectsdueto theboundarylayeranda small
regionofseparatedflowneartheleadingedgecommonlyreferredto as
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laminar-separationbfible.Thin-airfoilstall,ontheotherhand,
describedasbeingprecededby flowseparationattheleadingedge
withreattachmenta a pointwhichmovedprogressivelyrearward with
increas~angleofattack.Thetwotypesofstallareshilarinthat
bothoriginatewithflowseparationfromtheleadingedge,butareradi-
callydifferentinthetypeofflowwhichprecedesthestall.“Thecondi-
tionswhichdeterminedthetypeofflowwerenotapparent,andhencewere
thesubjectof considerablespeculation.Itwasplanned,therefore,to
undertakedetailedmeasmementsofthetwoflowsinanattemptoarrive
at a betterunderstandingoftheirdifferences.
Tnthisconnection,ithadbeenobservedthatcerbinthin,round-nose
atifoilsexperienceda changeinflowat somecriticalangleofattack
priorto theattainmentofma~ lift.Foranglesofattacklessthan
thecriticaltheflowwasunseparated.llromthecriticalangleofattack
to theangleofattackformaximumlifttheflowseparatedfromtheleading
,edgeandreattachedat a pointwhichmovedaftwithincreasingangleof
attack.
IthadalsobeenobservedthatincreasingtheReynoldsnumber
increasedtheangleofattackatwhichtheflowchangeoccurred;hence
it seemedlogical.thatfora sufficientlyargeReynoldsnumbertheflow
changewouldbe delayeduntilthesectionstalledwiththeabruptor
leading-edgetypeof stall.Sucha changeinstallingcharacteristics
wasactuallyobservedfortheNACA64AO1Oairfoilsection(dataunpub-
lished),buttheReynoltinuder,andconsequentlythedynamicpressure,
correspondingtothin-airfoilstallwassolowasto precludesatisfactory
measurements.A smallincreaseofReynoldsnumberproducedthechangeto
leading-edgestallwhichwasaccompaniedby a markedincreaseofmaximum
lift.
Thepossibilityofobtainhgboththethin-airfoilandleading-edge
typesof stallonthesameairfoilmodelatdifferentReynoldsnumbers
offeredan attractivesthemeforstudyingthetwoflowsbecauseitwould
d ~te theeffectsofdiffermcesinairfoilgeometry,andpermit
measurementsinbothflowregimeswiththesameexperimental.setup.For
thispurposea modeloftheNACA0008sectionwasso constructedthatits
thiclmesscouldbe reduced.MeasurementsweremadeinoneoftheAmes
7-by10-footwindtumkl.softhelift,drag,pitchingmoment,andpressure
distributionforvariousvaluesofReyuoldsnumberfrom1.~ to 6 million.
ThenthemodelwassuccessivelyrecontouredtotheNACA0007.~ and0007
profleaandthemeasurementswererepeated.To extendtherangeofthick-
nessratios,a s~ar investigationwasmadewithan tistingNACA0006
airfoil.
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NOTATION
Thesymbolsusedinthisreportaredefinedas follows:
wingchord,f%
sectionprofile-dragcoefficient,~ incIu&@ drag of CfiC~U
endplates qc
section
section
section
dragper
liftper
pitching
liftcoefficient,*
Mpitching-momentcoefficient,—
C4.32
ormal-forceoefficient,.& “
unit S~, lb
WlitSp~, lb
momentaboutthe0.25caxisperunitspan,lb-ft
normalforceperunitspan,lb
localstaticpressure,lb/sqft
free-streamstaticpressure,lb/sqft
P-POpressurecoefficient,~
free-streamdynamicpressure,lb/sqft
Reynoldsnumberbasedonwingchord
10CSJ.velocitywithintheboundarylayer,ft/sec
localvelocityoutsideboundarylayer,ft/sec
distauce
distance
angleof
fromairfoileading
aboveairfoilnormal
attack,deg
edgeparallel.to
to surface,ft
chordline,f%
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MODELSANDTESTS
Models
Thebasicmodelwasconstructedofwoodwithnumerousmidspanpres-
sureorificeso installedthatthethiclmessofthemodelcouldbe
reducedfrom8 to 7 percentwithoutdamagetotheorifices.Thechord
was5 feetandthespan7 feet.Attachedtotheendsofthemodelwere
circularplateswhichformedpartofthetunnelfloorandceiling.
TheNACA0006airfoilwasof &l/2-footchord
ratelycontouredasthe~-foot-chordmodelnordid
orificesneartheleadingedge.
Tests
andwasnotasaccu-
itcontainasmany
Mostoftheforceandmomentmeasurementsweremadeforspecific
valuesofReynoldsnumberwithangleofattackasthevariable.The
correspondingpressure-distributionmeasurementsu uallyweremadeinde-
pendentlyandforfewervaluesofReynoldsnumber.Somedatawere
obtained,however,forvariousconstantanglesofattackwithReynolds
numberasthevariable.Fortheseteststhepressure-distribution
measurementsweremadesimultaneouslywiththeforcemeasurements.For
the5-foot-chordmodeltheReynoldsnumiberrangewasfrom1.5millionto
6 -ion. ThecorrespondhgMachnumber angewasfrom0.03to 0.17.
For,the4-1/2-foot-chordmo d.theReynoldsnumber angewasfrom1.9
millionto 6.8million,andthecorrespondingMachnumber angewasfrom
o.05to 0.22.
Theforce’andmomentdataweremeasuredbymeansofthewind-tunnel
bslancesystmn,andhenceincludetheunbowntaresoftheendplates.
Previousexperiencehasshownthattheliftandmomenttaresarenegligibly
small. Thedragtares,however,arelargeandvarywithangleofattack.
Thedatkhavenotbeencorrectedfortunnel.-wald.constraintortheeffects
of compressibility,=andinthisrespectarecomparabletothedataof
reference1.
Measurementsweremadeoftheboundary-layervelocityprofileson
theNACA0007airfoflbymeansoftheusualsmallrakesoftotal-and
static-pressuretubes.
l~e comectio~w-y applied to the dataarethosedescribed
inreference2. Theeffectofthecorrectionsi to increasethesngle
ofatkck andtoreducethevaluesofthelifi,drag,=d momentcoef-
ficients.TheeffectoftheMachnumbervariationwouldbetoreduce
thevariationoflift-curveslopewithReynoldsnumbershownbythe
uncorrecteddata.
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RESULTSANDDISCUSSION
ForceandMomentCharacteristics
Thelift,drag,andpitching-momentda aforthefom airfoilsections
arepresentedinfigure1. titheliftcurvesfortheNACA0006section
(fig.l(d) smalljogsordisconttiuitiescanbe notedpriortotheattati-
mentofmaximumlift. Correspondingto eachofthesediscontinuitiessa
suddenincreaseofdraganda positiveshiftofthepitchingmomentfol-
10Wedby a strongnegativetrend.A similarbehaviorwasobservedfor
theNACA64AO06section(ref.3),andisdiscussedinreference1. It
wasshownthatthediscontinuitywastheresultoftheappearanceofan
extensiveregionofseparatedflowneartheleadingedge.Thesamesort
offlowchangeoccurredontheairfoilsofthepresentinvestigation
althoughnotas farbelowmaximumliftaswasthecasefortheNACA64AO06
section.
FortheNACA0006section,theflowchangeoccurredimmediatelyabove
6°angleofattackforallReynoldsnumibers.Theeffectof increasing
Reynoldsnumberwasto increaseslightlytheliftcoefficienta which
theflowchanged,butthechangewasalwayswellbelowma~um lift,and
thestallwasofthethin-airfoiltypeforallReynoldsnumbers.
Forthethickerairfoilsectionstheeffectof increasingReynolds
numberwasto increasenotonlytheliftcoefficientbutalsotheangle
ofattackatwhichtheflowchangeoccurredsothattherewasa Reynolds
numberforwhichthechangecoincidedwithmaximumlift.Withfurther
increasesofReynoldsnumbertheairfoilstalledwiththeleadtig-edge
typeof stall.FortheNACA0007sectionthispointwasnearlyreached
at a Reynoldsnumberof6 mill-lion,a dforthe0007.5and0008sections
thetypeof stallchangedata Reynoldsnumberofabout3 million.
Itshouldbementionedthattheresults,insofarastheangleof
attackfortheflowchangeis concerned,werenotalwaysrepeatable.
Rerunsofforcemeasurementsor separaterunsforthepurposeofpressure-
distributionmeasurementssometimesgaveresultswhichdifferedbyl” h
theangleofattackfortheflowchange.Onesuchinconsistencyanbe
seeninthedatafortheNACA0008airfoil.ata Reynoldsnumberof1.5
million(fig.l(a)).By comparisonwiththeliftcurvesforthehigher
Reynoldsnumbersitwouldbe expectedthattheflowchangewouldoccurat
a lowervalueofliftcoefficientthanthatshownbytheunflaggedsymbols.
Onlyoneconstant-Reynolds-numberrunwasmade,buta fewrunsweremade
withdecreasingReynoldsnumberandconstantanglesofattack.Theflaggd
symbolsrepresentvaluesobtainedby cross-plottingtheconstantangle-
of-attackdata,andshowa discontinuityatabouttheexpectedvalueof
liftcoefficient.Cross-plotteddataarealsoshownbytheflaggedsymbols
fora Reynoldsnumberof2 million.ForthehigherReynoldsnumbersthe
cross-plotteddataagreedwellwiththevariableangle-of-attackdataand
arenotshown.
..— ----- ____ .
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A sumnaryoftheeffectofReynoldsnumberonmaximumliftandon
theliftcoefficientcorrespondingtotheflowchangeisshowninfigure2.
Thereisa tendencyfortheliftcoefficientcorrespondingtotheflow
changetoapproachmaximumliftmoreslowlywithincreasingReynolhnumber
forthetMnnersectionsthanforthethickersections.
WessureDistribution
Pressure-distributiondataforthefourairfoilsection~atReynolds
numbersof2 miX1.ion,4 million,and6 miI1.ionaregivenintablesI to
Iv. Foreachairfoil,dataaregivenforthehighestangleofattack
comnontoaJJ_Reynoldsnumbersforwhichcompletelyattachedflowwas
measured,andforenoughadditionalnglesofattacktobracketheflow
changein eachcase.Alsolistedinthetablearevaluesofthenormal-
forcecoefficientobtainedby inte~atingthepressurediagrams.
Theeffectofthechangeinflowonthechordtisedistributionf
pressureisiX1.ustratedh figure3. Thetwopressuredistributionsare
fortheNACA0007.5airfoilatanglesofattackof9°and10°anda
Reynoldsnumberof 3 mK1.ion.Thepressuredistributionfor9°angleof
attackcorrespondstothecompletdyattachedflowpriortotheflow
change,andthepressuredistributionfor10°angleofattackcorresponds
topartisll.yseparatedflow.Bothdiagramsrepresentalmostexactlythe
samevalueoflift.
Theabruptnessoftheflowchangeisshowninfigure4 inwhichthe
pressuresat severalchordwisestationsareplottedasa functionofangle
ofattack.Ithappenedthatbothtypesoffl.owereobtainedatanangle
ofattackof9°,whereas8°wasthehighestangleofattackforwhich
unseparatedflowwasobtainedintheforcemeasurements.Theeffectof
thesmsdlbubbleoflaminarseparation(discussedinref.1) canbe seen
inthevariationsofpressurewithangleofattackforthe0.5-,1.0-,
and1.5-percent-chordstations.Whentheflowchangeoccurredthepres-
suresneartheleadingedgeincreasedabrupt~yandcontinuedto increase
withincreasingangleofattackbutata slowerate. Becauseofthe
regionof separatedflow,thepressuresovertheforwardportionofthe
airfoilwereofnearlythesamevalue.Thepressuresovertherearportion
oftheatifoilwerelessseverelyaffectedbytheflowch=ge,ad
decreased~dthincreasingangleofattackbeyondtheflowchange.This
redistributionofthechordtiseloadingaccountsfortheincreasingega-
tivetrendofthepitchingmoment.A similaredistributionofloading
fortheMA~64AO06airfoilisdescribedinreference3.
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HysteresisEffect
.
Onetestwasmadetoascertaintheeffectofdecreasingandthen
increasingtheReynoldsnumberata constantangleofattack.Thiswas
madewtththeNACA0007airfoilatanangleofattackof 7.5°whichwas
belowtheangleofattackfortheflowchangeforReynoldsnumbers&geater
than2 million(fig.l(c)).Thetestwasstartedwithcompletelyunsepa-
ratedflowoverthemodelauda Reynoldsnumberof 6 mtllion.TheReynolds
numberwasprogressivelyreducedto1.5miIJ.ion,andthenprogressively
increasedto 6 millionwithoutchangingangleofattackorstoppingthe
tunnel. Theresultsofliftmeasurementsareshowninfigure~(a).
TheliftcoefficientdecreasedslightlywithdecreasingReynolds
numberto2.2million,thendroppedabruptlyata Reynoldsnumberof2.0
millionandremainedataboutthesamevalueata Reynoldsnumberof1.5
million.Thevaluesofliftcoefficientagreewellwithvaluesfromthe
testsat constsmtReynoldsnumbersexceptforthepointata Reynolds
numberof2.0mX1l.ion.‘I’hisdifferenceisduetothefactthattheflow
remainedattachedforthevaria%leangle-of-attacktestbutwaspartially
separatedforthevariableReynoldsnumbertest.
WithincreasingReynoldsnumbertheliftcoefficientincreasedslowly,
butfailedtoachievetheabruptincreasewhichwouldbe expectedto
accompanythere-establishmentofunseparatedflow.Ata Reynoldsnuniber
of6 mtl.liontheterminalvalueofliftcoefficientwasabout0.05lxil.ow
theinitialvalue.
ThevariationsofpressurecoefficientwithReynoldsnumberforsev-
eralstationsontheuppersurfaceoftheairfoilareshowninfigure5(b).
TheabruptincreaseofpressureneartheleadingedgewhentheReynolds
numberwasreducedfrom2.2millionto2.0millionandthefailureof
thepressuretoattainitsoriginalowvaluewhentheReynoldsnumber
wasincreasedisclearlytident. Thepressurecoefficientsat 4-percent
chordandovertherear80p~centoftheairfoilwererelativelyunaf-
fectedby changesofReynoldsnumber.
In figure6 are sho~mtheinitial.andthefinalpressuredistributions
overthefirst5-percentchordfora Reynoldsnumberof6 million.Both
showevidenceofthemall bubbleoflaminarseparationas indicatedby
theabruptincreaseofpressuregradientatabout0.5-percentchord,but
areotherwiserepresentativeofattachedflow.Onereasonforthefailure
oftheairfoiltoregainitsoriginalpressuredistributioncouldbethe
flowconditionsinthewindtunnel.Experiencehasshownthatflowsepara-
tionisfrequentlymoreextensiveattheends‘oftwo-dimensionalmodels
thannearmidspambecauseof so-cdd.edendeffectsprobablydueto the
boundsrylayeronthetunnelwalls.Onceflowseparationwasestablished
acrossthespanofthemodelby decreasingtheReynoldsnumber,itis
possiblethatseparationneartheendsofthemodelwasnoteliminated
whentheReynoldsn@er wasincreasedto 6 million.Theresultant
.—————.— —-—-.——-—---
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spanwisevariationofpressurecouldcausethepressuresmeasuredatthe
mid.spsmpressureorificestobe higherthanwasthecasewithmorenearly
two-dimensionalflow.
Boundary-hyerCharacteristics
Somerepresentativeboundary-layerm asurementsmadeontheNACA0007
airfoilfora Reynoldsnumberof2 millionareshowninfigure7. I&ofiles
areshownforthreestationsforF and8°angleofattackwhichcorrespond
to conditionsbeforeandaftertheflowchange.Thestationat2.5-percent
chordwasintheregionof separatedflowforanangleofattackof8°,
andhencetheshapeofthelowerportionoftheprofileisuncertain
becausethetotal-pressuretubesoftherakewereina regionofunsteady
flowandwereincapableofreadingthetruelocaltotalpressure.The
profilesatthe~- andgo-percentchordwereina regionofattachedflow
andshowthepronouncedthickeningoftheturbulentboundarylayercaused
by theseparatedflowovertheforwardportionoftheairfoil.
b theAppentiofreference4ZZt isshownfromdetailedpressure-
d.istributionandboundary-layerm asurementsonanairfoilsectionfora
widerangeoftestconditionsthata shoulderorabruptdiscontinuityof
curvatureinthepressuredistributioncorrespondstothefirstappearance
of completelyturbulentflowinthedetachedboundarylayerenvelopingthe
smallbubbleoflamharseparation.Similardiscontinuitiescanbe seen
inthepressuredistributionssham infigure8 fortheNACA0007.5airfoil
atanangleofattackof ~ andseveralReynoldsnumbers Thelackofa
largenumberofpressureorificesintheregionoftransitionnecessitated
considerablearbitrarinessh fairingthecurves,buttheforwardprogres-
sionofthetransitionregionwithincreasingReynoldsnumberisplainly
evident.&oss plotsofthedatainfigure8 andof similardataforother
anglesofattackareshownb figure9. Theforwardmovementoftheregion
oftransition,andhencethesmallbubbleoflaminarseparation,with
increasingsingleofattackwasrelativelyrapidat first,buttherateof
progressiondecreasedatthehigherangles.Sincetheindicatedpositions
oftransitionarewellforwardonthenoseradiusoftheairfoil.,theti
actualmovementaroundthecurvedsurfacewasgreaterthanisindicated
bythefigure.
Alsosho~minthefigureistheapproxhateboundaryforthechange
offlow.Wha thisboundarywasreached,eitherby increasingtheangle
ofattackorbyreducingReynoldsnumber,theflowchangedfromessentially
unseparatedflowtothetypewhichprecedesthin-airfoilstallorto
leading-edgestall,dependingontheReynoldsnumber.
.
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CONCLUDINGRIMARKS
Testsoffoursymmetricalirfoilsections
from6 to 8 percentofthechordhaveindicated
in thethicknessrange
thatthenatureoftheir
stallsdependsontheReynoldsnumber.h general.,lowReynoldsnumbers
arefavorabletothethin-airfoiltypeof stall,andhighReynoldsnumbers
arefavorableto theleading-edgetypeof stall.FortheNAcAk-digit
seriesofairfoil.sections,theeffectofa changeinthestallonmaximum
liftwassmall,buttheReynoldsnumberatwhichthechangeoccurredwas
sensitiveto sti changes-of
deemedimpracticalto attempt
separatedflowusinga single
thicknessratios.
AmesAeronauticalLaboratory
thicknessratio.Forthis~easonitwas
detailedmeasurementsofthetwotypesof
atifoilsectioninthecriticalrangeof
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